In this work, we present the hydrogen production by photolysis, sonolysis and sonophotolysis of water in the presence of newly synthesized solid solutions of rare earth, gallium and indium oxides playing as catalysts. From the experiments of photolysis, we found that the best photocatalyst is the solid solution Y0.8Ga0.2InO3 doped by sulphur atoms. In experiments of sonolysis, we optimized the rate of hydrogen production by changing the amount of water, adding ethanol and tuning the power of our piezoelectric transducer. Finally, we performed sonolysis and sonophotolysis experiments in the presence of S:Y0.8Ga0.2InO3 finding a promising synergistic effect of UV-visible electromagnetic waves and 38 kHz ultrasound waves in producing H2.
Introduction
Hydrogen is considered a promising energy vector for the next generations. It can be used for supplying "green" electricity production or cogeneration systems such as fuel cells [1] [2] [3] [4] [5] [6] [7] . The sustainability of its employment depends on the energy source used to synthesize it from hydrogen-rich compounds such as water or biomass. The splitting of water in hydrogen and oxygen by means of solar radiation is one of the most attractive methods [8] [9] [10] [11] [12] . Water splitting is not an easy process-suffice it to think that the overall reaction requires a free energy of 237 kJ/mol in standard conditions. Moreover, pure water absorbs only few IR frequencies of the solar spectrum reaching the biosphere and such IR radiation is not enough to dissociate water molecules. Therefore, we need a photocatalyst to achieve water splitting by solar radiation, i.e., a species that absorbs photons of higher energy and triggers the redox elementary steps required to break H2O in H2 and O2. Among the many possible photocatalysts, heterogeneous metal oxides are particularly appealing due to their stability and endurance to photo-corrosion. Metal oxides are often semiconductors that absorb solar photons with energy equal to or higher than their band gaps. The absorption of photons causes the jump of electrons from the valence band (VB) to the conduction band (CB), leaving positive holes in the VB. Positive and negative charges must, then, reach the surface of the particles without recombining each other and promote the oxidation of oxygen and the reduction of hydrogen, respectively. Hydrogen reduction is thermodynamically feasible if the electric potential associated with electrons in the conduction band is more negative than the redox potential of H + /H2, whereas holes in the valence band oxidize oxygen of water if their potential is more positive than that of the pair O2/H2O. These thermodynamic requirements impose the employment of large band gap semiconductors, absorbing only in the UV, with a consequent waste of a broad portion of solar spectrum. However, when the goal is just the photo-production of hydrogen from water, even visible-light-response semiconductors can be used as long as they work in the presence of a sacrificial reagent, i.e., a chemical species that can be oxidized more easily than the oxygen of water [13] . This strategy is quite attractive, especially when the sacrificial reagent is a biomass compound, such as ethanol generated by fermentation of sugars [14] . Band gap engineering is the right way to obtain semiconductors having both narrow band gaps and a highly negative electric potential associated with their conduction bands. This may be achieved through the synthesis of solid solutions combining wide and narrow band gap semiconductors; the electric potential of the conduction and valence bands can be tuned by varying the stoichiometry of the photocatalyst [15] [16] [17] [18] . To reduce the band gap of a metal oxide semiconductor, the valence band can be extended by doping with nitrogen or sulphur atoms [19] [20] [21] . If, after the preparation of the solid solutions, there is still a broad portion of solar spectrum that is not absorbed, it is anyway possible to avoid the complete waste of low frequencies of the solar spectrum through the up-conversion process [22] [23] [24] [25] .
A promising methodology to improve the efficiency of the hydrogen production from water consists in merging heterogeneous photocatalysis and sonochemistry. Ultrasound waves trigger chemical reactions through the acoustic cavitations, which are non-linear acoustic phenomena that occur in a liquid when irradiated with high power and low frequencies (20-100 kHz) ultrasounds. Acoustic cavitations give rise to extraordinary power densities in a small volume and over an extremely short time, providing favorable conditions for high-temperature and/or high-pressure chemical reactions [26] . In heterogeneous systems, the presence of a solid phase promotes sonochemical processes, since the solid particles dispersed in the liquid and the trapped gas in the crevices play as nuclei for the concentration of the acoustic energy. It derives that sonophotocatalysis is used for degradation of organic pollutants in water [27] and in the ultrasound-assisted photocatalysis for hydrogen production from water [14, 28, 29] . The simultaneous use of light and ultrasound irradiation often exhibits an interesting synergistic effect [29] [30] [31] [32] [33] [34] [35] [36] [37] .
In this study, we compare the photo-production of hydrogen by four solid solutions having Ln0.8Ga0.2InO3 as the general formula, with Ln = La, Gd, Y, Yb, both undoped and doped with sulphur atoms. This comparison is useful to pinpoint the best lanthanide among the four we have chosen, knowing that all of them assure a very negative contribution to the conduction band flat potential of the synthesized semiconductor photocalysts.
For the most active photocatalyst, that is, S:Y0.8Ga0.2InO3, we present the results of sonolysis and sono-photolysis experiments. The sonolysis experiments have been performed after optimizing the power of the piezoelectric transducer, the composition and the volume of the liquid. Finally, the hybrid action of UV-visible electromagnetic radiation of 38 kHz ultrasound waves shows a promising synergistic effect.
Experimental Section

Chemicals
The chemicals, Ga2O3 (grade >99.99%), In2O3 (grade 99.999%), La2O3 (grade 99.999%), Y2O3 (grade 99.999%), Gd2O3 (grade >99.99%), Yb2O3 (grade 99.99%), thiourea (H2NCSNH2) (grade ≥99.0%), potassium iodide (KI) (grade >99.99%) and ethanol (grade >99.8%), were supplied by Sigma-Aldrich and used without further purification. Water was deionized and distilled before use.
Preparation and Characterization of Photocatalysts
The solid solutions, having general formula Ln0.8Ga0.2InO3 (with Ln = La, Gd, Y, Yb), were prepared at high temperature through acid-base reactions with the metal oxides In2O3, Ga2O3 and Ln2O3 as reagents. The reagents in the appropriate molar ratios were mixed and grounded by a miller. Then, the mixture of solids was sintered at 1373 K for 24 hours inside a muffle furnace under aerated conditions.
To dope the photocatalysts by sulphur atoms the prepared Ln0.8Ga0.2InO3 solid solutions were mixed with thiourea in a 1:4 molar ratio. The mixture was heated at 773 K under aerated conditions for 5 hours. After cooling, the powder was washed with double distilled water and dried.
We recorded UV-visible reflectance spectra of the powdery samples by a portable spectrophotometer with a deuterium-halogen lamp (AvaLight-D(H)-S) as excitation source, an integrating sphere with a 6-mm diameter viewing aperture (AvaSphere-30-refl), a high-sensitivity Avantes Charge-Coupled Device (CCD) detector (86 photons/count, 200-1100 nm, grating 300 lines/mm), connected through a fiber optic system. The reflectance spectra were transformed in Kubelka-Munk units according to Equation (1) [38] :
where K and S are the wavelength-dependent apparent absorption and scattering coefficients; Rλo is the reflectance value experimentally recorded at λ0 and F(Rλo) is the so-called re-emission function at λ0. The band gap energies of the semiconductors have been determined by calculating the first derivatives of the spectra. By plotting dF(Rλo)/dλ as a function of λ, the band gap transitions give rise to negative bands with a maximum at the inflection point. After describing these bands with Gaussian functions, we fixed the wavenumber of their centers as the best estimate of the band gap. X-ray diffraction spectra were recorded through a Philips X'PERT PRO diffractometer with CuKα radiation.
Sonophotocatalytic Experiments
The details of the experimental setup, employed to carry out the experiments of photocatalysis, sonocatalysis and sonophotocatalysis, have been described elsewhere [29] . Herein, we describe the main properties. The source of ultrasounds is located at the bottom side of the reactor; it consists of a piezoelectric transducer, producing mechanical waves of 38 kHz at 50 W. For the photolysis experiments, a Sun 2000 Abet Solar Simulator (model LSO 100) equipped with a 500 W Xenon lamp has been employed as source of electromagnetic radiation. The powdery catalyst was suspended in water/ethanol solutions and inserted into the reactor. The free volume inside the reactor was filled with argon at the pressure of 1 bar. The system was thermostated at 298 K. Temperature and pressure inside the reactor were constantly monitored through a thermocouple located at the half height of the aqueous solution and a pressure probe, respectively.
The amount of evolved hydrogen was measured by a gas-chromatograph (CP-4900, Varian) equipped with a molecular sieve column and a thermal conductivity detector. The experiments for the different samples have been repeated at least twice. The uncertainties in the amounts of hydrogen have been determined by calculating their standard deviations. The acoustic power (PUS) dissipated into the liquid by the piezoelectric transducer, was estimated by calorimetric measurements and calculated using Equation (2) [39] :
where m, CP and dT/dt are the mass of water (expressed in g), the heat capacity of water at constant pressure (4.2 J·K
) and the rate of temperature increase per second, respectively. The measurement of the acoustic power was carried out in 100 mL of double distilled water and we found an average value of 2.6 W, which corresponds to a power density of 26 W/dm In order to calculate the sonochemical efficiency (SE) of the reactor, the oxidation of potassium iodide was chosen as chemical dosimeter [39] . Under ultrasound irradiation of an aqueous solution of KI, the generated •OH radical oxidizes I 
Results and Discussion
Synthesis and Characterization of the Photocatalysts
The samples Ln0.8Ga0.2InO3 (with Ln = La, Gd, Y, Yb) were prepared through solid state reactions after mixing the metal oxides Ln2O3, Ga2O3 and In2O3 in the right molar ratio (see the Experimental Section). We have chosen the stoichiometry Ln0.8Ga0.2InO3 because when Ln was La, it resulted in the most active photocatalyst within a series of materials having La2xGa2yIn2zO3 as general formula [37] . The X-ray diffraction (XRD) patterns of Ln0.8Ga0.2InO3 are reported in Figure 1A . La0.8Ga0.2InO3 [37] is a composite material consisting of three distinct phases (see the first XRD pattern from top of Figure 1A ). First, the distorted perovskite LaInO3 structure being composed of tilted octahedral InO6, with La +3 ions lying intermediate between neighboring octahedra. It has an orthorhombic symmetry [40, 41] and its XRD pattern presents a characteristic triplet signal centered at 30.74° (its peaks have been labeled as o1 in Figure 1 ). The formation of ternary solid solution can be inferred from the slight shift towards greater values of reflection angles compared to those typical of the pure LaInO3 binary oxide. Such shifts are due to the substitution of In ions. The second phase is a cubic crystal structure derived from that of In2O3 (indicated in Figure 1 by the letter c). Finally, there is the third and less abundant phase, that is LaGaO3 (its peaks have been labeled as o2 in Figure 1 ), whose most intense peak is at 32.4° rather than at 32.6°, due to a partial replacement of Ga ions. The substitution of lanthanum with the other rare earth ions determines the appearance of new phases deriving from the binary oxides GdInO3, YInO3 and YbInO3, that crystallize in a non-centrosymmetric hexagonal structure with space group P63cm [42] [43] [44] . The hexagonal structure (whose peaks have been labeled as h in Figure 1 Figure 1A) .
When the solid solutions Ln0.8Ga0.2InO3 were sulphur-doped, we did not see relevant modification in the crystal structures. The relative intensities of the peaks in our diffractograms change after doping our samples because sulphur atoms dope the different phases in distinct manner. In fact, their XRD diffractograms (see Figure 1B) showed the same diffraction peaks, although the relative intensities were quite different. The UV-visible absorption spectra in Kubelka-Munk units of the Ln0.8Ga0.2InO3 solid solutions are depicted in Figure 2A . All the samples showed the edge of absorption in the visible region due to the indium oxide cubic phase. Its band gap is slightly different in each sample (see Table 1 ). The tiny differences are due to the different Ln +3 ions present in the four cubic phases. Although the cubic phase of In2O3 guarantees the red shift in the absorption spectra, it is not suitable by itself to produce hydrogen from water by photocatalysis because its redox potential of the conduction band is not sufficiently negative [37] .
The data in Table 1 show that Gd0.8Ga0.2InO3 and La0.8Ga0.2InO3 have slightly narrower band gaps than Y0.8Ga0.2InO3 and Yb0.8Ga0.2InO3. The red-shift that is evident into the UV region is due to the different chemical composition of the solid solutions of oxides. The doping by sulphur atoms increased the probability of absorption of UV and blue radiation by our photocatalysts, but it did not change their band gaps (see Figure 2B ).
Hydrogen Production by Photocatalysis
In a typical photolysis experiment, 0.4 g of photocatalyst were suspended in 300 ml of a mixture ethanol/water (20% vol). The suspension was irradiated by the solar simulator at 1000 W/m 2 . Our photocatalysts work well if we do not exclude UV radiation. We checked the progress of the photocatalytic reactions by gas chromatography (see the Experimental Section). The amount of hydrogen produced at different irradiation times are plotted in Figure 3 . Figure 3A shows the hydrogen produced by the undoped solid solutions Ln0.8Ga0.2InO3 in six hours of irradiation. The best photocatalyst was Y0.8Ga0.2InO3 producing 0.63 μmoles of H2 after six hours. The amount of H2 obtained with Y0.8Ga0.2InO3 is almost twofold larger than that achieved with La0.8Ga0.2InO3. Anyway, it is worthwhile noticing that such amounts are not remarkable because our reactor has been optimized to perform sono-photolysis experiments and not simply photolysis experiments. In fact, if the piezoelectric transducer is switched off, there are no ultrasound waves within the reactor and the particles of the catalysts settle down on the bottom part of the reactor. Nevertheless, we may state that Y0.8Ga0.2InO3 is a promising photocatalyst. In fact, in our device it showed better performances than La0.8Ga0.2InO3, and La0.8Ga0.2InO3 showed to be more active [29] than the well-known GaInO3 having Pt as cocatalyst [15] and TiO2. Moreover, our photocatalysts did not show any sign of degradation.
The photocatalytic hydrogen production by the sulphur-doped solid solutions are shown in Figure 3B . If we make a list of the efficiency of the sulphur-doped photocalysts, we ascertain that, again, on top there is the material having Y as rare earth ion: S:Y0.8Ga0.2InO3. Then, the photocatalyst with La follows, i.e., S:La0.8Ga0.2InO3. At the bottom of the list, we have the solid solutions with Gd and Yb, i.e., S:Gd0.8Ga0.2InO3 and S:Yb0.8Ga0.2InO3.
The rates of H2 production for all the materials we synthesized are reported in Table 2 . All the photocatalysts had micrometric particles as revealed by scanning electron microscopy. From the data of Table 2 , it is evident that the sulphur-doping always increases the photocatalytic activity. Such an effect is more pronounced on Y0.8Ga0.2InO3 that becomes seven times more active. The material S:Y0.8Ga0.2InO3 guaranteed the maximum value of the rate of H2 production, that is one μmole per hour. ions have 4f orbitals that are partially full. Such electrons may favor processes of recombinations of oppositely charged particles and hinder the redox reactions that should take place on the surface of the catalyst [45, 46] . The lanthanum(III) and yttrium(III) ions have the peripheral d and f orbitals that are completely empty and do not have unpaired electrons. The catalysts with yttrium are better in producing H2 than those having lanthanum, probably because Y is a stronger reducing agent than La. Moreover, as far as the crystal structures of the photocatalysts are concerned, the pseudo-hexagonal YInO3 gives rise to a narrower band gap (315 nm) in comparison with the orthorhombic LaInO3 (281 nm) and a larger dipole moment, arising from a greater lattice distortion of YInO3 compared with LaInO3. Such properties may promote the separation of the photo-excited charges, resulting in a higher photocatalytic activity.
Hydrogen Production by Sonolysis in Absence of Photocatalysts
The efficiency of a sonochemical reaction depends on many parameters, such as the frequency of the ultrasound waves, the intensity of the irradiation, the geometry of the reactor, the bulk temperature, the volume of the liquid, etc. [47, 48] . In this work, we have tested the effect of few parameters in the sonochemical production of hydrogen, like (i) the composition of the liquid; (ii) the total volume of the solution; and (iii) the intensity of ultrasounds.
Effect of the Chemical Composition of the Solution
First, the sonochemical reaction was performed in 300 mL of sheer water, sheer ethanol and ethanol/water (20% vol) mixture without any photocatalyst. The rates of hydrogen production are reported in Table 3 . Table 3 . Rate of hydrogen production (μmoles/h) in sonolysis experiments in 300 ml of water, ethanol and ethanol/water (20% vol) mixture irradiated by the 38 kHz piezoelectric transducer without catalysts. The uncertainties have been estimated by calculating the standard deviation of two or more experiments. The rate of hydrogen production by sonolysis of sheer water is almost fifteen times larger than that obtained from sheer ethanol. A further improvement has been achieved by adding ethanol to water. In a mixture of ethanol in water (20% in volume), the rate of hydrogen production was 1.4 faster than in sheer water (see Table 3 ). It is well known that sonolysis of water [28] produces active radical species such as
• H and OH
•
. Then, the radicals can combine to yield hydrogen and hydrogen peroxide (Equation (4) It has been shown [49] that sonolysis of organic liquids yields the same species produced by high-temperature pyrolysis. In fact, in our experiments, we detected the typical pyrolysis products of ethanol, such as acetaldehyde and acetic acid. Moreover, we detected the formation of compounds such as hydrogen and methane. The largest amount of H2 obtained by us in the sonolysis of the ethanol and water mixture may be explained by considering that ethanol can deplete the concentration of •OH, limiting the recombination of •H and •OH radicals [50] .
Effect of the Volume of the Solution
After ascertaining that the mixture ethanol in water (20% vol.) is better than sheer solvents, we evaluated the effect of the total volume of the solution. In Figure 4 , the rate of hydrogen evolution is plotted as function of the total volume of the mixture. This plot shows a periodic trend and its period is 225 mL. The peaks, centered at about 280 mL, 510 mL and 730 mL, correspond to the resonance liquid levels. It is known [51, 52] that the periodic trends arise from the change in the acoustic impedance, which is composed of a pure resistance part and a reactance part. The former increases with increasing liquid height, whereas the latter varies periodically. From our results, the volume of 300 mL, which corresponds to the height of 14 mm, has been selected as the optimum value of volume for our further sonolysis and sono-photolysis experiments. 
The Effect of the Intensity of Ultrasounds
The intensity of irradiation is another important parameter, which affects the efficiency of a sonochemical reaction. Usually, the cavitation activity increases as the acoustic intensity and power of ultrasounds increase. However, such growth is not without any limit: depending on the reactor geometry, the yield of reaction increases up to reach a threshold value, and, after that, it decreases [53] [54] [55] . The decrease of the sonochemical efficiency above the threshold value of intensity has been attributed to the formation of a cloud of bubbles near the surface of the transducer, which absorbs and scatters the incident sound waves. Moreover, decoupling losses due to the change in acoustic impedance can affect the efficiency of the process by decreasing the energy transferred to the medium. In order to study the effect of the acoustic power on the sonochemical hydrogen production, we tested different intensities of irradiation. We carried out experiments in 300 mL of an ethanol/water (20% vol) solution by selecting three different levels of power (labeled as minimum, medium and maximum by the instrument producer) of our 38 kHz piezoelectric transducer. As reported in Table 4 , the amount of hydrogen grew monotonically as the intensity of ultrasounds increased, without revealing any plateau or decrease. The level labeled as "maximum" corresponds to a power density of 26 W/dm 3 and to a sonochemical efficiency of 1.5 × 10
that we determined experimentally as explained in the Experimental section. 
Hydrogen Production by Sonolysis and Sonophotolysis in the Presence of S:Y0.8Ga0.2InO3
Based on the results described in the previous paragraphs, we carried out the experiments of sonolysis and sonophotolysis by irradiating 300 ml of a ethanol/water (20% vol) solution with ultrasound waves of 38 kHz frequency, at the maximum intensity of irradiation, and in the presence of 0.4 g of S:Y0.8Ga0.2InO3. The results are reported in Table 5 . If we compare the rate of hydrogen production by sonolysis in the presence of 0.4 g of catalyst (Table 5) with that without catalyst, we see that there are not appreciable differences. On the other hand, when we turn the light on, under the action of ultrasound waves, we detect an interesting synergetic effect of the two types of energies. The extent of synergy may be quantified [36] as the normalized difference between the decomposition rate constants obtained under sonophotocatalysis (kUS+hυ+Cat) and the sum of those obtained under separate photocatalysis (khυ +Cat) and sonocatalysis (kUS+Cat) (Equation (5) Table 5 . Rate of H2 production (µmol/h) for a suspension of 0.4 g of S:Y0.8Ga0.2InO3 in 300 ml ethanol/water (20 vol%) measured in photocatalytic, sonocatalytic and sonophotocatalytic experiments. The synergy value has been calculated by using Equation (5) and its uncertainty by using the formula of propagation of the maximum absolute error. In our case, we found a synergy of 0.13 that is in agreement with what we found in our previous experiments [29] . Such synergistic effect may be due to different factors. Acoustic cavitations produce particle breakdown with a consequent size reduction and surface area enhancement of the catalyst (as detected by Scanning Electron Microscopy) improving its photocatalytic activity. Water and ethanol degradation species, produced photochemically, can provide extra nuclei for bubble formation. Last but not the least, the ultrasound waves exert a stirring effect into the reactive media. The stirring effect lifts the particles of the catalyst from the bottom of the reactor up to the top part of the solution and speed up the mass transport between liquid and solid particles.
Conclusions
This study shows that the synergy between UV-visible electromagnetic radiation and ultrasound waves in producing hydrogen from a water/ethanol mixture in the presence of heterogeneous catalyst is a promising process in energy research. As photocatalysts, we have used solid solutions of oxides having the Ln0.8Ga0.2InO3 as formula, with Ln = La, Y, Yb, Gd. The most active was that with Y after doping by sulphur atoms. Then, we have optimized few conditions of the sonolysis experiments, like the composition and the volume of the water solution, and the power of the 38 kHz piezoelectric transducer. We found that an ethanol/water (20% vol.) mixture is a good solution for H2 production rather than sheer water or sheer ethanol. Ethanol was chosen because it may be obtained by biomass fermentation in the prospect of a renewable hydrogen economy. Furthermore, second generation technologies allow for the production of bioethanol from non-food sources such as lignocellulosic biomass and agricultural residues [56, 57] . Finally, we found that the hybrid action of light and ultrasound waves favors an appreciable synergistic effect in H2 production. The final goal of this research is getting hydrogen with a net energy balance: the content of the energy coming from the hydrogen produced by sonophotocatalysis must be greater than the energy spent in the overall process. The results achieved in this work are a step forward with respect to those described in our previous work [29] ; nevertheless, further improvements are needed to reach our final goal. For instance, we need to improve the activity of our catalysts by changing their chemical composition and controlling their morphology. We need to test other frequencies of our piezoelectric transducer and optimize the related ultrasounds-solution coupling. We need to optimize the ethanol/water ratio and test other solvents; we also need to design a renewable way to produce the electric power that feeds our piezoelectric transducer, for example by solar panels. We are going to carry out further experiments to approach our goal.
